A non double-couple earthquake was found in an oceanic crust of the Philippine Sea plate subducting into the mantle in the Kanto district, central Japan. Its magnitude and focal depth are 4.6 and 57 km, respectively. This subducting oceanic crust consists of low-density gabbro or basalt at depths shallower than about 60 km, while it consists of high-density eclogite to which gabbro transformed at depths deeper than about 60 km.
A non double-couple earthquake was found in an oceanic crust of the Philippine Sea plate subducting into the mantle in the Kanto district, central Japan. Its magnitude and focal depth are 4.6 and 57 km, respectively. This subducting oceanic crust consists of low-density gabbro or basalt at depths shallower than about 60 km, while it consists of high-density eclogite to which gabbro transformed at depths deeper than about 60 km.
The non double-couple earthquake occurred at this density boundary in the oceanic crust. Since the first motion of seismic P waves is predominantly dilatational and shows volume contraction, we consider that this event was probably caused by a sudden phase transformation from gabbro to eclogite. Its predominant frequency implies that this phase transformation occurred instantaneously in the metastability field. Since this event emanated not only compressional waves but also shear waves, we conclude that the sudden volume contraction triggered a double-couple earthquake immediately. This interpretation is supported by the aftershock distribution and the P-wave first-motion distribution of an eyeball type, which has only one cone on the focal sphere.
Introduction
The subduction of the Philippine Sea (PHS) and Pacific (PAC) plates beneath the Kanto district causes many earthquakes in a depth range of 40-80 km (Kasahara, 1985; Nakamura and Shimazaki, 1981; Okada and Kasahara, 1990; Ishida, 1992) . Almost all of them occur in oceanic crusts of the subducting PHS and PAC plates Imoto, 1990, 1992; Hori, 1990) . Using data observed by a network of the National Research Institute for Earth Science and Disaster Prevention (NIED) (Hamada et al., 1985) , Hurukawa and Imoto (1992) studied southwestern Ibaraki earthquakes at depths of 30 to 80 km in the Kanto district to obtain fine structure of the plate boundary between the PHS and overriding Eurasian (EUR) plates. They found a low-velocity layer with a thickness of about 4 km between the EUR and PHS plates by analyses of focal mechanisms of microearthquakes and a velocity in this layer. Then Hurukawa and Imoto (1992) concluded that the low-velocity layer is an oceanic crust that exists at the top of the subducting PHS plate. Hurukawa and Imoto (1992) also found a non double-couple earthquake of Feb. 10, 1987, of which magnitude and focal depth are 4.6 and 51 km, respectively. Since it occurred at the boundary between low-and high-velocity subducting oceanic crusts, they suggested that it is probably a gabbro-eclogite transformation earthquake. In this paper, we study the source mechanism of this earthquake in detail.
Hypocenters and Focal Mechanisms of Kinugawa-Cluster Earthquakes
The focal depth of the non double-couple earthquake determined by Hurukawa and Imoto (1992) is 51 km and is about 10 km shallower than those determined routinely by the NIED or Japan Meteorological Agency (JMA). This difference is caused by differences of assumed velocity structures and stations used. Since we must compare our results with previous works, we relocate earthquakes changing a velocity model and a number of stations of the NIED to make a focal depth of the event about 60 Ian. Using a method of modified joint hypocenter determination (Hurukawa and Imoto, 1992) , we analyzed 63 Kinugawa-cluster earthquakes that were relocated by Hurukawa and Imoto (1992) with magnitude 3.0 or greater in the southwestern Ibaraki Prefecture, the Kanto district. Assuming the velocity structure shown in Table 1 , we use 39 stations of the NIED shown in Fig. 1 in our relocation. Figure 2 shows relocated hypocenters of the Kinugawa-cluster earthquakes. Their focal depths are in average about 5 km deeper than those in Hurukawa and Imoto (1992) . The focal depth of the non double-couple earthquake is 57 km.
Since hypocenters are nearly same as those determined by Hurukawa and Imoto (1992) , we use fault-plane solutions obtained by Hurukawa and Imoto (1992) as it is, except two solutions shown in Fig. 3 . Fault-plane solutions of 25 earthquakes in the Kinugawa cluster are shown in Figs. 7 and 10 of Hurukawa and Imoto (1992) . Earthquakes denoted by solid circles in Fig. 2 are thrust events with P axes in NW-SE direction and which have low-angle nodal planes dipping northward. Almost all events of this type occurred at depths shallower than 55 km in the southeastern part of the Kinugawa cluster. Since slip vectors and low-angle nodal planes of these earthquakes are parallel to a direction of relative motion of the EUR and PHS plates and a seismic layer, respectively, Hurukawa and Imoto (1992) concluded that these earthquakes occurred in the low-velocity oceanic crust of the subducting PHS plate. On the other hand, earthquakes deeper than 55 km in the northwestern part of the Kinugawa cluster show different mechanisms. Mechanisms of deeper earthquakes should be the same as those of shallower ones if the velocity in the deeper part of the seismic layer is as low as that in the shallower part of it. Thus they concluded that the seismic layer where these deeper earthquakes occurred is no longer a low-velocity layer, but a high-or normal-velocity layer where gabbro or basalt that constitutes a main layer of the oceanic crust transformed to eclogite.
3. A Non Double-Couple Earthquake 3.1 Focal mechanism Figure 3 (a) shows P-wave first-motion distribution of event 1 that occurred on Feb. 10, 1987 and that is indicated by a thick arrow in Fig. 2 . Clearly this is not a double-couple event. A compressional area on the focal sphere is limited and is at only one side. A fault-plane solution of event 2 (M3.9) indicated by a thin arrow in Fig. 2 that occurred 15 h after event 1 and very close to it in space is also shown in Fig. 3 (b) to compare focal mechanisms of these two earthquakes. Since event 2 is a double-couple source, we can reject a possibility that the non double-couple mechanism of event 1 is due to the effect of the velocity structure assumed. Initial P waveforms at several stations are shown in Fig. 4 (a). Polarities of initial P waves are very clear. One may consider that event 1 occurred in a localized low-velocity region and that such anomalous first motions of event 1 can be produced by refracted first arrivals whose raypaths were bent by a velocity contrast located between the two events. However, it is implausible that the event in the low-velocity region, if occurred, caused after shocks in the surrounding high-or normal-velocity region. Furthermore, since the largest or the nearest aftershocks are about 1 km or 0.5 km from the mainshock, respectively, and frequencies of first motions of the mainshock at eastern stations HAS, NMT, and YST are about 2-6 Hz, wavelengths of the initial P waves are about 1-3 km if the velocity is 6 km/s. We cannot assume a plane-wave incidence at the velocity boundary, because the wavelength is comparable or longer than the distance between the source and the velocity boundary. Thus raypaths of initial waves may not be largely Fig. 2 . Since a few events are relocated in this figure using a smaller number of stations than that in Fig. 2 , the relative locations are better, whereas the absolute locations are worse than those in Fig. 2. sphere is much smaller than a half of the total surface area of the focal sphere in both solutions.
Aftershocks
Aftershocks followed the non double-couple earthquake. Using a method of modified joint hypocenter determination (Hurukawa and Imoto, 1992) Fig. 7 . A schematic illustration of the source process of the non double-couple earthquake. First, the phase transformation shown by a shaded ellipse occurred.
Second, immediately after the phase transformation, the normal-faulting earthquake shown by a solid line was triggered by the phase transformation at its west-southwestern edge. Polarities of initial P waves are shown by arrows. Long arrows indicate relative sense of displacement. Since the time difference of these two events is very small comparing a period of observed seismic waves, observed initial P waves are those of the phase transformation and normal-faulting earthquake at east-northeastern and west-southwestern stations, respectively. A broken line indicates a nodal plane of P-wave polarities. Hari (1990) analyzed upper mantle earthquakes occurring beneath the western and central Japan. He found that the subducting oceanic crust of the PHS plate remained in a gabbroic phase without transformation to eclogitic rocks at depths down to about 60 km along the entire northern boundary of the PHS plate. Our result is in good agreement with his results. On the other hand, the oceanic crust of the PAC plate that directly contacts with the overriding PHS plate is still a low-velocity layer at least until 70-80 km Imoto, 1990, 1992) . Therefore we can suppose the phase transformation in the oceanic crust of the PAC plate in the Kanto district takes place at deeper depth than that in the oceanic crust of the PHS plate there. This is easily explained by the faster convergent rate and older age of the PAC plate than those of the PHS plate. The temperature of the PAC plate is colder than that of the PHS plate.
6. Discussion In the same manner, we can also reject a possibility that this is a composite event with two double-couple earthquakes with different mechanisms, because a dilatational area on the focal sphere is more than several times larger than a compressional one. Figure 9 shows schematic mechanism of superposed event with two double-couple events with different mechanisms that occurred simultaneously and closely. Since there is no spherical symmetry of a radiation pattern of a superposed event, we should plot polarities of upgoing and downgoing rays separately on upper and lower hemispheres, respectively. Figure 9 (a) represents a simplest case. Two events occurred separately in the east-west direction and simultaneously. Nodal planes of each event are horizontal and vertical with NS direction. However, their mechanisms are different from each other. In this case, superposed event shows a mechanism of a single force. In order to have a small part of a compressional area on the upper focal hemisphere, we should superpose two events of which strikes of vertical nodal planes are not parallel as shown Fig. 9(b) . In this case, however, a compressional area is fan-shaped and is inconsistent with the observed mechanism. Another way to have a compressional area in west-southwestern part of the upper focal hemisphere is to combine the following two events shown in Fig. 9(c) . One is a normal-faulting event of which T axis direct WSW-ENE. The other is an event with a horizontal and vertical nodal planes of which strike is NNW-SSE and its east side subsides. In this case, however, a compressional area is crescent-shaped and is also inconsistent with the observed mechanism. As shown in these examples, dilatational and compressional areas on the focal sphere of a composite even with two double-couple earthquakes should be equal.
Another important phase transformation, olivine-spinel, takes place in the upper mantle. A depth of this phase transformation in a downgoing slab defines stress field inside the slab, and this phase transformation is a possible energy source for deep earthquakes (Dennis and Walker, 1965; Sung and Burns, 1976; Turcotte and Schubert, 1971) . Our suggestions of the occurrence of the gabbro-eclogite transformation earthquake in the metastable field and of its triggering a double-couple earthquake support a possibility that the olivine-spinel transformation in the mantle might induce shear failure (Kirby, 1987; Meade and Jeanloz, 1989; Green and Burnley, 1989; Green et al., 1990 Green et al., , 1992 Burnley et al., 1991; Kirby et al., 1991) . Although large deep earthquakes have no significant isotropic component (Kawakatsu, 1991) , our result suggests importance to study source mechanisms of small deep earthquakes in detail.
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